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Abstract
Context Maximising insect pollination of mass-
flowering crops is a widely-discussed approach to
sustainable agriculture. Management actions can tar-
get landscape-scale semi-natural habitat, cropping
patterns or field-scale features, but little is known
about their relative effectiveness.
Objective To test how landscape composition (area
of mass-flowering crops and semi-natural habitat) and
field-scale habitat (margins and hedges) affect polli-
nator species richness, abundance, and pollen deposi-
tion within crop fields.
Methods We surveyed all flower visitors (Diptera,
Coleoptera and Hymenoptera) in oilseed rape fields
and related them to landscape composition and field
features. Flower visitors were classified as bees, non-
bee pollinators and brassica specialists. Total pollen
deposition by individual taxa was estimated using
single visit pollen deposition on stigmas combined
with insect abundance.
Results The area of mass-flowering crop had a
negative effect on the species richness and abundance
of bees in fields, but not other flower visitors. The area
of semi-natural habitat in the surrounding landscape
had a positive effect on bees, but was not as important
as the area of mass-flowering crop. Taxonomic
richness and abundance varied significantly between
years for non-bee pollinators. Greater cover of mass-
flowering crops surrounding fields had a negative
effect on pollen deposition, but only when non-bee
pollinator numbers were reduced.
Conclusions Management choices that result in
landscape homogenisation, such as large areas of
mass-flowering crops, may reduce pollination services
by reducing the numbers of bees visiting fields. Non-
bee insect pollinators may buffer these landscape
effects on pollen deposition, and management to
support their populations should be considered.
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Introduction
At the global scale, the ecosystem services provided
by pollinating insects are estimated to be worth around
7–8% of the total value of agricultural food production
(IPBES 2016). Maintaining this service is threatened
by declines in pollinating insects over many regions of
the world (Biesmeijer et al. 2006; NRC 2007). These
declines are generally attributed to anthropogenic
influences, with habitat loss being a key factor
(Vanbergen and The Insect Pollinators Initiative
2013). Managing landscapes to support pollinating
insects is therefore critical, for both conservation of
pollinators and to maintain yield of insect-pollinated
crops (Garibaldi et al. 2014).
Agricultural landscapes with a higher proportion of
semi-natural habitat have been shown to benefit
pollinator species richness and abundance (e.g.
Kennedy et al. 2013; Woodcock et al. 2013), increase
temporal stability of pollinator communities (Gar-
ibaldi et al. 2011) and improve the yield of pollinator-
dependent mass-flowering crops (Bartomeus et al.
2014; Garibaldi et al. 2013). Mass-flowering crops
provide resources during their flowering season that
can be important for pollinators (Westphal et al. 2003;
Knight et al. 2005; Woodcock et al. 2016), but may
result in transient changes in the distribution of
pollinators within the landscape; local pollinator
numbers may be ‘diluted’ as they respond to the large
area of floral resources (Holzschuh et al. 2016). The
temporary nature of mass-flowering crops, and spatial
separation between different mass-flowering crops in
relation to pollinator foraging distances, means that
pollinators still need floral resources from other
habitats pre- and post-crop flowering (Martins et al.
2018). In addition, semi-natural habitats provide more
nest sites such as tussocky grasses, dead wood and
undisturbed soil than mass-flowering crops (Lye et al.
2009).
One common field-based intervention to reduce the
impacts of habitat loss on pollinator communities has
been planting field margins. Field margins are
designed to increase insect populations in general or
provide additional floral resources for pollinators (e.g.
pollinator seed mixes; Isaacs et al. 2009). These
interventions have positive effects on wild pollinator
populations (Scheper et al. 2013, 2015), but their
success is dependent on the landscape context, with
greatest benefits seen in landscapes that contain a
minimum threshold of semi-natural habitat rather than
very small, or very large, amounts (Scheper et al.
2013). The impact of these changes on crop yield is
less clear; some studies show positive effects (Blaauw
and Isaacs 2014; Pywell et al. 2015), while others
show no effect (Campbell et al. 2017).
The benefits of semi-natural habitat on a landscape
scale and field-scale interventions vary in their level of
importance for different pollinator groups, although
bees are the most commonly studied (Steffan-Dewen-
ter et al. 2002; Rader et al. 2016). Bees are often the
most effective pollinators of many plants in terms of
pollen deposition or visit rate. However, other insects
that are individually less effective pollinators may still
provide important levels of pollination due to their
high abundance (Rader et al. 2016). Syrphidae
(hoverflies) are generally the most recorded group of
Diptera, however in agricultural land other Diptera
may have greater diversity and abundance, and have
similar pollen loads (Orford et al. 2015). It is therefore
important that pollination service provision of Diptera
is estimated, particularly in crops like oilseed rape
which include an abundant Diptera community (Gar-
ratt et al. 2014; Phillips et al. 2018). Developing
agricultural practices that support a wide range of
pollinator groups and species has the potential to
maximise yields, particularly under environmentally
variable conditions, if pollinator species occupy
different temporal or spatial niches (e.g. Hoehn et al.
2008), or respond differently to disturbance (Winfree
and Kremen 2009).
To maximise pollination as an ecosystem service,
the impacts of landscape composition, includingmass-
flowering crops, semi-natural habitat and field-scale
interventions, on both pollinator populations and
pollen deposition need to be assessed, considering
the entire flower-visiting community. To do this, we
used winter-sown oilseed rape (Brassica napus) as a
test crop. This is an economically important crop in the
UK [approximately 670,000 ha grown in 2015, worth
£706million; DEFRA (2016)] and insect pollination is
known to increase yield quantity (Lindstro¨m et al.
2016) and quality (Bommarco et al. 2012; Bartomeus
et al. 2014). For farming efficiency, this crop is
commonly planted in large areas of several fields
(‘block cropping’), which may impact pollinator
communities. We used an area of the UK which has
a mix of arable crops, intensive grassland and high
quality semi-natural habitats including species-rich
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grassland [see Ridding et al. (2018)], which provides a
gradient of mass-flowering crops and semi-natural
habitat.
Specifically, we asked the following questions:
(1) Are mass-flowering crops or semi-natural habi-
tats more important in explaining pollinator
species richness and abundance in oilseed rape,
and does this vary with pollinator type?
(2) Is the effect of land use at the landscape scale
more or less important than the impact of local-
scale interventions such as field margins?
(3) Do changes to pollinator communities in rela-
tion to landscape and local-scale habitat result in
changes to pollen deposition in crops?
Methods
Surveys were done in 2014 and 2015 in southern
England (NW corner 51.415482o N, - 2.2892761o E;
SE corner 51.087135o N, - 1.5037537o E). This area
includes the largest calcareous grassland in Western
Europe (Toynton and Ash 2002), and is predominantly
mixed arable and livestock farms.
Landscape composition
We investigated both semi-natural and arable habitat.
Grassland was divided into three types according to
their relative potential value to pollinators: species
rich (greatest potential value), restoring (intermediate
potential value) and intensive (least potential value).
The area of different types of semi-natural habitat was
determined by combining information from several
spatial datasets within a GIS (ArcGIS, v10.1, ESRI,
Redlands CA) (see Online Resource 1 for detail). Field
sites were selected by generating random spatial
locations and calculating the area of different grass-
land types within a 3 km buffer to select approximate
locations with a gradient of different habitats.
Landowners in these areas were contacted to ask
whether they would take part in the project. Twelve
fields of winter-sown oilseed rape (OSR) were sur-
veyed in 2014 and twelve different fields in 2015.
Semi-natural habitats derived from combining the
spatial datasets were verified in the field within a 1 km
buffer. Crop species grown within a 1 km buffer each
year were recorded during field surveys. For analysis,
the individual areas of species-rich grassland, restor-
ing grassland, intensive grassland, total semi-natural
habitat (broad leaved woodland, coniferous woodland,
restored grassland, species rich grassland and other
grassland, not including intensive grassland), and
arable land were calculated in buffers of radii between
0.5 and 3 km at 0.5 km intervals. These radii incor-
porate the foraging radii of solitary bees, bumblebees
and honeybees (Gathmann and Tscharntke 2002;
Knight et al. 2005; Danner et al. 2017). The area of
oilseed rape was calculated up to a 1 km buffer radius
as this was the limit of the field survey data (more OSR
fields will have been present outside this buffer). To
account for the size of, and distance to, grassland
patches, they were also represented as the area/
distance ratio of the nearest patch for each grassland
type, and the sum of area/distance ratio for the nearest
three grassland patches (see Online Resource 1,
Table S1).
Field-scale habitat
Three 58 m transects were set up in each field,
perpendicular to three different field edges. Transects
were located using a stratified random selection
process to include edges with and without hedges
and margins around a single field, where possible. The
structure and plant diversity of the field edge adjacent
to the transect was assessed by measuring the length of
field edge, proportion of field edge with a hedge,
proportion of field edge with a field margin and width
of field margin. Field margins were assessed for their
potential value to pollinators by observing insect
pollinated plant [as defined by their pollination vector
in Fitter and Peat (1994)] species richness and percent
cover in five 1 m2 quadrats placed at random within
20 m of the transect start during June and July. Species
nomenclature followed Stace (1997).
Flower visitors
Bumblebees (Bombus spp.) and honey bees (Apis
mellifera) were recorded by slowly walking each
transect twice on the same day during the oilseed rape
flowering season (14/4/2014–17/5/2014 and 20/4/
15–27/5/2015) and counting the number of bees
visiting flowers within 2 m of the observer (i.e.
58 9 4 m transect). Solitary bees, hoverflies and other
flower visitors were assessed using 15 cm diameter
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pan traps painted with UV fluorescent yellow paint
placed in the crop canopy. On each transect, pan traps
were placed at 8 m, 32 m and 58 m into the crop, filled
with water and a few drops of scentless detergent and
left for 4 days. Where pan traps were knocked over,
transects without complete data (n = 6) were excluded
from any further analysis. Smaller Diptera and
Coleoptera were assessed using 1 m2 quadrats placed
next to the pan traps and observed for 5 min. Transects
and quadrat surveys were done between 10:00 and
16:00 h, with a minimum temperature of 12 C and
wind speed less than 6–8 m s-1. The combined
methods were used to maximise detectability of
different groups and reduce bias (Westphal et al.
2008). This allows us to observe the relative contri-
bution of groups in different transects or years, but
absolute values within or between pollinator groups
are difficult to assess.
Bombus spp. and Apis mellifera were recorded to
species and caste when possible; pan trap collected
insects were recorded to species level for bees
(Hymenoptera: Apoidea) and hoverflies (Diptera:
Syrphidae) and to family level for other Hymenoptera
and Diptera. Smaller Diptera and Coleoptera visiting
quadrats were recorded as morphotypes. Flower
visitors were categorised into three functional groups:
bees (Apoidea; insects that use pollen as a food source
for offspring); brassica specialists that complete their
life cycle within a field, including anthomyid flies
(Delia spp.), pollen beetles (Meligethes spp.) and seed
weevils (Ceutorhynchus spp.), representing species
typically considered to be pests of this crop but who
also deliver some pollen; and non-bee insect pollina-
tors, predominantly other flies such as Bibionidae,
Empididae and Syrphidae.
Estimating level of crop pollination
To estimate the level of crop pollination, we used the
amount of pollen delivered per transect as a proxy
(Kremen et al. 2002). This requires the amount of
pollen delivered by different insect species and their
visit rate. We used data from Phillips et al. (2018) to
divide flower visitors into 11 pollinator groups based
on intertegular distance, body size and flower visiting
behaviour, which affect pollen deposition (see Online
Resource 2, Table S3 for full definitions). Phillips
et al. (2018) assessed how many oilseed rape pollen
grains deposited on flower stigmas during a single visit
(‘‘single visit pollen deposition’’; SVD) by presenting
a fresh stigma to pollinators in oilseed rape and
counting the number of pollen grains deposited.
Control stigmas were prepared in the same way but
excluding pollinators to assess the extent of pollen
transfer that was not due to insect activity. Flowers
with ripe anthers and stamens were used to ensure the
results were realistic.
To assess visit rate we calculated the number of
flower visits by each pollinator group in each transect
(visits m2 h-1) by correcting the pan trap, transect and
quadrat data for area and time (for pan traps,
pollinators were assumed to be at peak activity for
8 h of each 24 h period). We assumed that pan traps
represent a dense area of flowers so were corrected for
the area of crop they represented (one pan trap
represents 78.5 oilseed rape flowers, assuming an
oilseed rape flower is approximately 2.25 cm2,
divided by the number of receptive flowers/m2 at the
time of survey). To confirm that the calculations
resulted in realistic estimates of visit rates, the
estimates for anthomyid flies and Meligethes spp.,
which were recorded using all three methods, were
compared (see Online Resource S3). The rates did
vary between methods, but not in a consistent
direction (Mean visit rate m2 h-1 per transect ± stan-
dard deviation: anthomyid flies quadrats
25.2 ? 46.17; pan traps 39.9 ± 37.09; Meligethes
spp. quadrats 32.3 ± 25.57; pan traps 7.7 ± 7.96;
Ceutorhynchus spp. quadrats 0.1 ± 0.69; pan traps
2.7 ± 7.26). The estimates for solitary bees were
similar to transect-based estimates in an independent
study (Woodcock et al. 2013: solitary bee mean visit
rate m2 h-1: 3.2 ± 3.40; this study 4.9 ± 5.29). This
variation in estimates means that these relative visit
rates can only be used to compare between transects,
rather than providing absolute visit rate estimates. The
proportion of visits where there was contact with the
anthers or stigmas of the flower for each group was
calculated using data recorded during the quadrat and
transect surveys and fromWoodcock et al. (2013). The
median number of pollen grains delivered to a stigma
(minus the assessed pollen transfer due to experimen-
tal methods) per visit was used for each group. If a
group delivered more than 160 pollen grains per visit
[the estimated number of pollen grains required to
fertilise fully one OSR flower; Mesquida and Renard
(1984)], then 160 was used. This accounts for some
pollinators delivering more pollen grains than required
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for full fertilisation. Pollen deposition per transect
(grains m2 h-1) was calculated by multiplying the visit
rate by the proportion of flowers with anther/stigma
contact and the number of pollen grains delivered per
visit (Kremen et al. 2002).
Statistical analysis
Analyses were carried out using R v3.4.3 (R Core
Team 2016). We analysed the data using a three stage
process (1) assessing the impact of landscape factors
on pollinator communities at multiple spatial scales
(2) using the top landscape model and assessing the
impact in combination with local factors on pollinator
communities (3) using the resulting models to assess if
landscape and local factors affecting the pollinator
community had any impact on pollen deposition. We
used linear mixed effects models (package lme4;
Bates et al. 2015), and checked model assumptions
using diagnostic plots (Bates et al. 2015). Models were
compared using multi-model inference using AICc
(package MuMIn; Barton´ 2016) which allows com-
parison of multiple models to find the model, or
models, which best fit the data (Whittingham et al.
2006). A subset of plausible potential models was
considered rather than all possible combinations of
variables to avoid biologically unrealistic models,
force inclusion of predictors selected a priori (year and
functional group) and avoid including highly corre-
lated predictors in the same model. Year was included
due to impacts of inter-annual variation on insect
populations, weather in different years affecting
planting dates and flowering phenology, and because
different sites were used in each year (due to crop
rotation) which may affect the results. To confirm
whether any explanatory variables were different
between years, Mann–Whitney U tests were per-
formed (with year entered as a factor; see Online
Resource 1, Table S1). In all our interpretation, ‘year’
is considered to be a mix of potential site differences
and differences between years. Functional group was
included in the models as life history variation means
that the impacts on one group could be concealed by
impacts (or lack thereof) on others. For the landscape
analysis explanatory variables included year and
functional group entered individually or as an inter-
action and then included in all models with landscape
variables. Each landscape variable was tested individ-
ually, and as second-order interactions with year and
functional group (for full list of candidate models used
see Online Resource 4, Table S6). Testing each
landscape variable individually allowed us to account
for highly correlated landscape variables by never
including them in the same model. Landscape vari-
ables which were strongly correlated with each other
or co-varied in relation to explanatory factors would
be expected to result in models with very similar AICc
scores. Field and transect identity were entered as
random effects. Raw abundance data were used for
comparison between transects but log transformed
(? 0.001) to meet model assumptions (Ives 2015).
Models were ranked by AICc and weight to select the
top model, or models. Those with DAICc\ 2 were
considered to have similar levels of supporting
evidence, and to be the top model or models. The
amount of variation explained by each model was
assessed using the conditional and marginal R2
(Nakagawa and Schielzeth 2013). Spatial autocorre-
lation between fields was tested for using Moran’s I,
which were not found to be significantly correlated
(Paradis and Schliep 2018).
The top landscape model was used in a further
model selection procedure with local habitat factors.
The same model structure was used but the fixed
effects tested were: species richness of insect-polli-
nated plants; percent cover of insect-pollinated plants
(based on average percent cover of insect pollinated
plants in five quadrats multiplied by margin area);
margin width (entered as a factor, with the field margin
categorised as\ 1 m, between 1 and 3 m, between 3
and 6 m and[ 6 m); and length of hedge (see Online
Resource 1, Table S1). Predictor variables were
rescaled to between 0 and 1. Each local habitat factor
was assessed individually (in case they had a stronger
effect on pollinator communities than landscape
factors) and then in combination with the landscape
factors as both additive effects and second-order
interactions. Although local habitat factors were only
tested with the top landscape model, correlation
between local habitat factors and landscape factors
were tested using Pearson’s correlation coefficient and
indicated low correlation (\ 0.25, Online Resource 1,
Table S2). The limitation of this two stage approach is
that there may be an additive effect of some other
landscape factor and local factor which were not tested
for, however including all possible models would have
resulted in an extremely large set of candidate models.
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To test whether changes in taxonomic richness and
abundance due to landscape or local factors resulted in
changes to pollen deposition, the estimated number of
pollen grains delivered was log transformed to meet
model assumptions and used as the response variable
in the selected model.
Results
The most abundant flower visitors recorded in pan
traps were brassica specialists including Anthomyid
flies (predominantly Delia spp., 67% of total catch
39,023), pollen beetles (Meligethes spp., 14%) and
weevils (Ceutorhynchus spp., 6%). For bees, Andrena
cinerariawere the most commonly caught in pan traps
(8%), followed by Andrena haemorrhoa (2%). Tran-
sect observations were predominantly Apis mellifera
(74% of 662 total observations) and Bombus lapidar-
ius (19%, Online Resource 5).
Taxonomic richness
The top model for taxonomic richness included year,
functional group and the area of oilseed rape in a 1 km
buffer around the transect (Table 1). There was a
significant interaction between the functional group
and the area of oilseed rape within a 1 km buffer
(Online Resource 4, Table S7): bees had a negative
relationship with the area of oilseed rape (effect size
- 4.64 ± 1.057 SE, Fig. 1). There was a significant
interaction between year and functional group, with
lower taxonomic richness of non-bee pollinators in
2015 (effect size - 2.26 ± 0.570 SE, Fig. 2). All of
the models that included semi-natural habitat had
DAICc relative to the top model of[ 38, indicating
that this explained by far less variation in the data than
mass flowering crops (Online Resource 4, Table S6).
When local factors were included in the model, the top
model included the area of insect-pollinated plants in
the margin (Table 1), which was positively related to
the taxonomic richness of flower visitors, although the
effect size was close to zero (effect size 0.81 ± 0.700
SE, Online Resource 4, Table S7). The next best
Table 1 Results from four separate model selection proce-
dures. Only the top models and next best models shown, unless
multiple models had DAICc\ 2, indicating no clear top
model, in which case all models with DAICc\ 2 are shown.
Landscape factors were analysed initially and the area of
oilseed rape within a 1 km buffer of the transect (OSR1) was in
the top model (section a). This model was then used in a
second model selection procedure to assess the importance of
local factors on taxonomic richness and abundance of flower
visitors (section b). Local factors included: the area of insect
pollinated plants in margin (m2; AreaIP), the species richness
insect pollinated plants in margin (IPSpeciesCount), length of
hedge on field edge perpendicular to transect (metres; Length
Hedge) and the width of margin (margin width). Models were
limited to 2nd order interactions only. Full list of potential
candidate models is described in methods section and all re-
sults are in Online Resource 4 Tables S6, S8, S9, S10.
Marginal R2 (R2m) and conditional R2 (R2c) were calculated
according to Nakagawa and Schielzeth (2013)
Model Model formula Intercept df LogLik AICc DAICc Weight R2m R2c
(a) Landscape factors
Taxonomic
richness
Year * FG * OSR1 3.402 13 - 384.052 796.083 0.000 0.998 0.38 0.42
Year ? FG * OSR1 4.076 10 - 393.512 808.200 12.117 0.002 0.32 0.36
Abundance Year * FG * OSR1 6.184 13 - 337.454 702.886 0.000 0.962 0.67 0.68
Year ? FG * OSR1 6.435 10 - 344.080 709.337 6.450 0.038 0.65 0.66
(b) Landscape and local factors
Taxonomic
richness
Year * FG * OSR1 ? Area IP 3.451 14 - 388.9 808.094 0.000 0.187 0.36 0.38
Year * FG * OSR1 ? IPSpeciesCount 3.365 14 - 389.05 808.395 0.301 0.161 0.35 0.38
Year * FG * OSR1 ? Length hedge 3.663 14 - 389.102 808.500 0.406 0.153 0.35 0.38
Year * FG * OSR1 * margin width 2.937 16 - 387.091 809.187 1.093 0.108 0.37 0.38
Year * FG * OSR1 * length hedge 3.223 18 - 384.839 809.499 1.404 0.093 0.38 0.40
Year * FG * OSR1 3.003 15 - 388.532 809.702 1.608 1.608 0.36 0.39
Abundance Year * FG * OSR1 * length hedge 5.842 18 - 323.079 685.979 0.000 0.973 0.72 0.72
Year * FG * OSR1 ? length hedge 6.668 14 - 331.859 694.013 8.033 0.018 0.69 0.69
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models had DAICc of\ 2 and all included parameters
relating to margin resources; but also included the
original landscape model without any additional local
factors indicating that there was little increase in
explanatory power (Table 1).
Abundance
For pollinator abundance, the top landscape only
model also included year, functional group and the
area of oilseed rape in a 1 km buffer around the
transect (Table 1). The abundance of bees had a
negative relationship with the area of oilseed rape
(effect size - 4.40 ± 0.845 SE, Fig. 3, Online
Resource 4 Table S7), and the abundance of non-bee
Fig. 1 Taxonomic richness of flower-visiting insects in oilseed
rape transects (n = 66) in relation to the area of oilseed rape in a
1 km radius buffer around each transect, for each functional
group. Flower visiting insects were divided into three functional
groups a bees (Hymenoptera: Apoidea), b non-bee pollinators
(Diptera, Hymenoptera: Tenthredinoidea) and c brassica spe-
cialists (Diptera: Anthomyiidae, Coleoptera). Solid lines repre-
sent predicted values from linear mixed effects analysis
(Table S7), dashed lines represent 95% confidence intervals
calculated via boot strapping of 200 simulations
Fig. 2 Boxplots (median, interquartile range, outliers) showing
the interaction between study year and functional group on the
taxonomic richness of flower-visiting insects in oilseed rape
fields (Table S7). Flower visitors were divided into three
functional groups a bees, b non-bee pollinators and c brassica
specialists
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flower visitors was lower in 2015 (effect size
- 1.45 ± 0.456 SE, Fig. 4, Online Resource 4
Table S7). The best model that included semi-natural
habitat had a DAICc of[ 48 (Online Resource 4
Table S8) when compared with the top model, again
indicating that mass flowering crop area explained
more variation in the pollinator community than semi-
natural habitat. When local habitat variables were
included, the top model included the landscape model
(year, functional group, area of OSR in 1 km and their
interactions) and the length of hedge next to the field
edge, which had a significant negative interaction with
the area of oilseed rape within 1 km (effect size
- 5.52 ± 1.461 SE, Online Resource 4 Table S7).
This model had substantially more supporting evi-
dence than the initial landscape model only (DAICc
14.34, Online Resource 4, Table S10).
Fig. 3 Abundance (no. of individuals) of flower-visiting
insects in oilseed rape transects (n = 66) in relation to the area
of oilseed rape in a 1 km radius buffer around each transect. The
interaction between each functional group and oilseed rape are
plotted separately to aid visual interpretation. Flower visitors
were divided into three functional groups a bees, b non-bee
pollinators and c brassica specialists (used as the baseline
reference level). Solid lines represent back transformed
predicted values from linear mixed effects analysis
(Table S7), dashed lines represent 95% confidence intervals
calculated via bootstrapping of 200 simulations
Fig. 4 Boxplots (median, interquartile range, outliers) showing
the interaction between study year and functional group on the
abundance of flower-visiting insects in oilseed rape fields
(Table S7). Flower visitors were divided into three functional
groups a bees, b non-bee pollinators and c brassica specialists
(plotted on a different y axis scale for ease of interpretation)
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Impacts of landscape on pollination
From the 11 pollinator groups, 198 individuals were
used to assess pollen deposition [see Phillips et al.
(2018); Online Resource 2 Table S3]. The four groups
with the highest single visit deposition were medium-
sized solitary bees, bumblebees, large solitary bees
and honey bees (median SVD 457, 331, 326 and 193,
respectively; Online Resource 2 Table S3). However,
when the number of pollen grains was capped at 160
pollen grains per visit and multiplied by the effective
visit rate, the groups that delivered most pollen, were
medium-sized flies, medium-sized solitary bees and
large solitary bees (median number of pollen grains
delivered per m2 per hour 198, 161 and 131 respec-
tively; Online Resource 2 Table S3). Estimated pollen
delivery per transect varied depending on both the
effectiveness and abundance of visitors (Fig. 5). The
area of OSR within 1 km had no significant effect on
pollen deposition (effect size 0.19 ± 0.709 SE, df =
36, t = 0.26, P = 0.79); neither did the year (effect
size 2015 0.39 ± 0.532 SE, df = 22, t = 0.74,
P = 0.47) or hedge length (effect size
0.0007 ± 0.00071 SE, df = 36, t = 0.98, P = 0.33)
but there was a significant interaction between year
and area of OSR within 1 km, with a reduction in
oilseed rape pollen deposition in transects surrounded
by more oilseed rape in 2015 (effect size OSR: Year
2015 - 1.93 ± 0.823 SE, df = 36, t = - 2.34,
P = 0.025; Fig. 6).
Discussion
Our study was the first to look at landscape factors,
local factors, and pollen deposition in oilseed rape
using the full pollinator community. The results
indicate that the area of mass-flowering crop can have
a negative impact on bee diversity and abundance in
the crop, but not other flower-visitors, and explained
Fig. 5 Estimated total number of pollen grains delivered per m2
per day for each transect, by different visitor types. Pollinator
groups as follows, with their functional group in brackets—
SmallSolBee, small solitary bee (bee); MedSolBee, medium
solitary bee (bee); LargeSolBee, large solitary bee (bee); Apis,
Apis mellifera (bee); Bombus, Bombus spp. (bee); SmallDiptP,
small probing fly (non-bee pollinator); MedDiptP, medium
sized probing fly (non-bee pollinator); LargeDiptP, large
probing fly (non-bee pollinator); MedDipt, medium sized
Diptera (brassica specialist); LargeDipt, large Diptera (non-
bee pollinator); SmallCol, small coleopteran (brassica special-
ist). Outliers of[ 10,000 pollen grains per m2 per day (n = 16)
were removed to aid visual interpretation. For definitions of
pollinator groups see Online Resource 2 Table S3
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more variation than semi-natural habitat. Landscape-
mediated changes to the pollinator community
affected pollen deposition. The area of oilseed rape
had a negative effect on pollen deposition, but only
when there were low numbers of non-bee pollinators.
Impacts of landscape composition
Transects with a greater proportion of oilseed rape in
the surrounding landscape had lower bee species
richness and abundance in the crop. This reduction
was only seen for bees and not for species that can
complete their entire life cycle within the crop, or for
other non-bee pollinators. Mass-flowering crops such
as oilseed rape have been shown to have contrasting
effects on different pollinators, for example decreas-
ing the number of long-tongued bumble bees (Die-
ko¨tter et al. 2010) and increasing the species richness
and abundance of cavity-nesting bees (Dieko¨tter et al.
2014). In our system, there were high numbers of
solitary bees, particularly the genus Andrena. Solitary
bees have a smaller foraging range (Gathmann and
Tscharntke 2002) and respond to landscape changes at
a smaller scale than bumblebees or honeybees (Stef-
fan-Dewenter et al. 2002). Lower species richness and
abundance of pollinators may be due to two main
mechanisms—(1) dilution of pollinators resulting in
fewer visitors per m2 crop or (2) landscape-scale
reduction in abundance or species richness of the
pollinator community overall due to less semi-natural
habitat resulting in fewer floral resources overall and
lower nest site availability (Holzschuh et al. 2016).
Previous experiments investigating the influence of
mass-flowering crops on dilution vs population growth
of pollinators have indicated that dilution is the
stronger effect (Holzschuh et al. 2016). However,
while most bee species were found in fewer transects
surrounded by large areas of oilseed rape, eleven bee
species were never found in these transects. This
reduction in bee species richness as well as abundance
indicates that some species require additional
resources that are not provided by crops and associated
edge habitats, as suggested by Martins et al. (2018).
The species never found in oilseed rape dominated
areas were smaller bees such as Lasioglossum species,
which need all their foraging requirements within a
smaller range (Mu¨ller et al. 2006).
Previous studies have shown a positive impact of
semi-natural habitat on species richness and abun-
dance of pollinators in multiple crops (Ricketts et al.
2008) and for oilseed rape specifically (Bommarco
et al. 2012; Woodcock et al. 2013; Bartomeus et al.
2014). We analysed both different types of semi-
natural habitat with potential impact and total semi-
natural habitat. While models that included semi-
natural habitat did demonstrate a positive effect on
species richness of bees (the best model that included
semi-natural habitat had a positive relationship
between bees and total semi-natural habitat within
0.5 km (effect size 3.98 ± 2.506 SE, see Online
Resource 6), the DAICc was 38 and marginal R2 0.24,
indicating this factor explained far less variation than
the amount of oilseed rape. For abundance, the best
model that did not include the area of oilseed rape
included the total area of arable habitat within 1 km,
which had a negative impact on bees (effect size
Fig. 6 The impact of year
and surrounding land use
(area of oilseed rape) on the
estimated number of pollen
grains delivered per m2 per
transect per day
(8 h)(n = 32 due to missing
data). Pollen deposition
calculated based on the
number of pollen grains
delivered per single visit for
each pollinator group
multiplied by the visit rate of
each pollinator group on that
transect
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- 1.10 ± 0.490 SE, DAICc 45.83, marginal R2 0.57).
The total area of surrounding arable land was nega-
tively correlated with total semi-natural habitat (Pear-
son’s r - 0.37). Our results may contrast with
previous studies because few of the earlier studies
tested the area of semi-natural habitat and mass-
flowering crops simultaneously (but see Bommarco
et al. 2012; Holzschuh et al. 2016); or they had a
different pollinator community; or they studied bees
only. For example, very few flower visits in Bom-
marco et al. (2012) or Bartomeus et al. (2014) were
made by solitary bees. Both landscape-scale support of
bees by semi-natural habitat and dilution of bees in
crops due to block cropping are likely to be happening
in tandem (Dieko¨tter et al. 2014). In our study, the area
of mass-flowering crop had the strongest impact on
pollen deposition within fields.
Non-bee pollinators are often less sensitive to
landscape variables, although there are fewer studies
than on bees (Rader et al. 2016). Studies on groups that
are predominantly predatory but also include flower
visitors (such as Empididae) have indicated that
landscape variables, particularly woodland and wet
habitats, can be important (Pfister et al. 2017). Larval
stages of non-bee pollinators in this study are
commonly soil dwelling and consume plant detritus
(Bibionidae) or other soil invertebrates (Empididae:
Empis). In contrast, many hoverflies (Diptera: Syr-
phidae) in agricultural systems have above-ground
aphidophagous larvae. Habitat does impact the distri-
bution of these groups (e.g. Burel et al. 1998), but they
are not central place foragers. Therefore they probably
migrate to OSR fields as adults and remain there,
potentially reducing the impacts of landscape
variables.
Field edge habitat appeared to have little impact on
the abundance and species richness of pollinators. The
presence of a weak interaction indicated that in
landscapes with large areas of oilseed rape there were
more bees in the crop when there was no hedge,
suggesting that bees were foraging in hedges as an
alternative when available in these landscapes. The
field margins were either grass dominated or contained
plants that flowered later than OSR; the most common
insect-pollinated plants were Heracleum sphondylium
and Trifolium repens. The hedges may be providing
more nectar resources in spring via species such as
Crataegus monogyna, Salix spp. and Prunus spinosa
which often overlap in flowering time with winter-
sown oilseed rape. Previous studies have found that
the presence of field edge habitat has a positive effect
on wild bee abundance and diversity (Kennedy et al.
2013). In our study all but nine field edges had a
margin of[ 1 m width and of those, three had a
hedge, indicating that some minimum requirements
for semi-natural habitat were being met. Other studies
have shown that an increase in the number of
flowering species in sown grasslands and wildflower
mixes can increase flower visitation (Ebeling et al.
2008) and pollinator abundance (Scheper et al. 2013),
but these are more likely to have a positive impact than
grass-dominated margins. For non-bee pollinators,
local interventions also have varying effectiveness;
several groups have greater larval aggregations near to
non-crop habitat (e.g. Benefer et al. 2016), and woody
edge habitats have a positive effect on Empididae
(Pfister et al. 2017). The most common Dipteran
pollinator in this study, anthomyid flies, complete their
life cycle within the crop. The larvae feed on oilseed
rape roots, without causing any significant economic
damage if plants are at low density (Dosdall et al.
1998). Agricultural practices such as zero tillage
increase emergence (Dosdall et al. 1998) which may
also benefit other pollinators with soil-dwelling larvae
(Stinner and House 1990) and ground nesting bees
(e.g. Ullmann et al. 2016).
Impacts on pollination
The contribution of different groups of insects to
pollen deposition is a combination of the single visit
pollen deposition, visit rate, and their abundance in the
field. Flower visitors such as anthomyid species are
often not considered as pollinators, but do deposit
pollen when visiting flowers. Despite their low
individual visit rate, when highly abundant they
deliver relatively large numbers of pollen grains
(Fig. 5). Our method for estimating pollen deposition
was conservative as we used the median number of
pollen grains delivered per single visit, and accounted
for proportion of visits with stigma or anther contact.
While honey bees and bumblebees delivered large
numbers of pollen grains in a single visit, not all these
pollen grains are likely to be required for full
fertilisation. The low abundance of bumblebees and
honey bees during the crop flowering period means
that they delivered less pollen overall than medium-
sized flies or medium-sized solitary bees. While we
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observed these groups using different methods, had we
only used pan trap data bumblebees and honey bees
would have contributed even less pollen as they were
rarely recorded. Our method does not take into
account the quality of the pollen delivered, for
example the amount of outcrossed pollen (Patchett
et al. 2017), although oilseed rape varieties are
commonly self-fertile to some degree (Hudewenz
et al. 2013).
The impact of landscape-level simplification
caused by increases in the area of mass-flowering
crops sown has the potential to reduce pollen depo-
sition. We found that this effect varied in the two years
of our study. The number of pollen grains deposited
was reduced in landscapes with large areas of oilseed
rape in the year when there were fewer non-bee
pollinators. This suggests that the reduction in the
number of flower visits by bees in relation to the area
of oilseed rape in 2014 was mitigated for by non-bee
pollinators, whereas in 2015 when the numbers of non-
bee pollinators were low this was not the case. The
pollination service provision was therefore resilient in
some years but not in others. This may have been due
to inter-annual variation in weather, asynchrony in
emergence times and OSR flowering times, or another
unspecified factor that varied between years or sites
(see Online Resource 1 Table S1 for list of variables
considered) which had a stronger impact on non-bee
pollinators than other groups. Winfree and Kremen
(2009) found little evidence for density compensation
between bee species, but instead contrasting responses
by different bee species. In contrast, we found
different responses between bees, non-bee pollinators
and brassica crop specialists.
Conclusions
Alterations to landscape and local resources have
contrasting impacts on pollinating taxa (Westphal
et al. 2003; Dieko¨tter et al. 2010). In this study we
found that the impacts of mass-flowering crops were
stronger than the impact of semi-natural habitat, but
only for bees. Non-bee pollinators were relatively
insensitive to landscape composition but numbers
varied between the two years of study. Reductions in
both the taxonomic richness and abundance of bees in
landscapes with large areas of oilseed rape indicates
some bee species require additional resources
provided by semi-natural habitat, although the effect
was swamped by the effect of the mass-flowering crop.
This suggests that practices such as growing mass
flowering crops in large, contiguous areas may lead to
a dilution of bee foraging density and therefore a
reduction in pollen deposition in crops. By looking at
the entire pollinator community, we found that the
impact of landscape changes on the pollination service
in oilseed rape was buffered by non-bee insect
pollinators, but only when these were abundant. This
highlights the need to understand the impacts of
landscape, local habitat and cropping practices on non-
bee insect pollinators, and the importance of consid-
ering the full flower-visiting community when assess-
ing variation in ecosystem service delivery.
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